Our previous studies using microsatellite markers near or in the TSH receptor (TSHR) gene revealed significant association between autoimmune thyroid disease (AITD) in Japanese patients and TSHR microsatellite alleles. In the present study, we performed a case-control analysis of AITD using singlenucleotide polymorphisms (SNPs) spaced 3-50 kb apart spanning the TSHR gene. We observed significant associations between AITD/Graves' disease (GD)/Hashimoto's thyroiditis and multiple SNPs. Specifically, the SNP JST022302 and several adjacent SNPs in intron 7 of the TSHR gene were A UTOIMMUNE THYROID DISEASE (AITD), which is represented by Graves' disease (GD) and Hashimoto's thyroiditis (HT), is thought to be polygenic. Several genetic factors associated with AITD have been tentatively identified by candidate-gene and genome-scanning approaches. They include human leukocyte antigen, cytotoxic T lymphocyte-associated antigen-4, thyroid autoantigens, e.g. TSH receptor (TSHR) and thyroglobulin, and other chromosomal regions (1-4).
A UTOIMMUNE THYROID DISEASE (AITD), which is
represented by Graves' disease (GD) and Hashimoto's thyroiditis (HT), is thought to be polygenic. Several genetic factors associated with AITD have been tentatively identified by candidate-gene and genome-scanning approaches. They include human leukocyte antigen, cytotoxic T lymphocyte-associated antigen-4, thyroid autoantigens, e.g. TSH receptor (TSHR) and thyroglobulin, and other chromosomal regions (1) (2) (3) (4) .
TSHR is a major thyroid-specific autoantigen, and autoantibodies against TSHR cause GD and contribute to primary myxedema. Anti-TSHR antibody is often, although usually weakly, expressed in HT. The human TSHR gene is located on chromosome 14q31 (5) and is split into 10 exons (6) . Point mutations have been identified in the coding region of the TSHR gene in patients with GD (7) , and these mutations may affect autoimmune responses to TSHR. A mutation in the first position of codon 52 (C 52 3 A 52 ), resulting in the substitution of threonine for proline in the extracellular domain of the TSHR protein, has been shown to be significantly associated with AITD in Caucasian females (8) . However, others could not confirm this (9) . The D727E single-nucleotide polymorphism (SNP) was associated with GD in a Russian (10) but not a Caucasian (11) or Singapore population (12) . Ho et al. (12) reported that a SNP in intron 1 of the TSHR gene was associated with GD in the same study, and Chistiakov et al. (13) demonstrated that a haplotype consisting of the TSHR D727E SNP and the SNP of DIO2 gene encoding type II iodothyronine deiodinase showed significant preferential transmission from parents to probands. Previously we investigated the genetic contribution of the TSHR gene to AITD susceptibility in Japanese using two microsatellite markers located near or in intron 2 of the TSHR gene (14, 15) . We found significant associations of these microsatellite markers with AITD. An obvious next step is to evaluate this evidence for association in greater detail using SNPs spanning the TSHR gene in an effort to more clearly define the exact location of AITD susceptibility variants. In the present study, we first performed a case-control study of AITD using 12 SNPs from the Japanese SNP (JSNP) and the Single Nucleotide Polymorphism Database (dbSNP) databases spaced approximately 10 -50 kb apart and spanning the TSHR gene. Then we found significant associations in SNPs 16 and 18 with GD, and furthermore, using an additional 10 SNPs, we analyzed a region in which significant associations with GD were observed. In addition, we examined the linkage disequilibrium structure of the region to apply haplotype case-control analysis to the data. and assayed for antibodies as described previously (2, 14, 15) . As an unaffected control population, we also collected an expanded set of controls, consisting of 238 (female to male ratio, 1.8) unrelated Japanese individuals. They are healthy and have no antibodies against thyroidspecific antigens including thyroid peroxidase, thyroglobulin, and TSHR. Informed consent was obtained from all the subjects used in this study, and the present study was approved by the Ethics Committee of Kyoto University Graduate School of Medicine.
SNP typing
Twenty-two intronic SNPs in the TSHR gene were chosen from a database of common gene variation in the Japanese population (JSNP) (16) and dbSNP ( Fig. 1 and Table 1 ). D727E has been previously reported (7, 17) . These 22 SNPs were typed by SNaPshot (Applied Biosystems, Foster City, CA) and direct sequencing analyses. All regions that included SNPs were amplified by PCR using the GeneAmp System 9600 (Applied Biosystems) with standard protocols. After amplification 1 l of PCR product (mixture of two to five SNPs) was incubated at 37 C for 60 min with 2.5 U exonuclease (New England BioLabs, Beverly, MA), 2.5 U calf intestinal alkaline phosphatase (New England BioLabs) and 2 l distilled H 2 O to inactivate or dissolve unincorporated primers and deoxynucleotide triphosphates. Single nucleotide primer extension reactions were carried out using a SNaPshot Multiplex ready reaction mix (Applied Biosystems). SNaPshot typing primers were designed to be annealed to the target DNA 3Ј to the SNP. Poly-T was added to the 5Ј end of typing primers longer than 25 mer. Before loading onto the genetic analyzer, 1 l of products was mixed with 10 l Hi-Di Formamide (Applied Biosystems) and 0.2 l GeneScan-120LIZ size standard (Applied Biosystems), and heated to 95 C for 3 min and placed on ice. The products were electrophoresed with ABI PRISM genetic analyzer (Applied Biosystems), analyzed by GeneScan software (version 3.7; Applied Biosystems) and SNPs typed by Genotyper software (version 3.7; Applied Biosystems).
Treated PCR products were used as templates for direct sequencing using a Big Dye Terminator cycle sequencing ready reaction kit (version 3.1; Applied Biosystems). Sequencing primers were the forward or reverse primers used in the PCR. The sequencing reaction products were purified with a Montage SEQ96 sequencing reaction cleanup kit (Millipore, Bedford, MA), electrophoresed with ABI PRISM genetic analyzer (Applied Biosystems), and analyzed by Sequencing Analysis software (version 3.7; Applied Biosystems) and SNPs typed by SeqScape software (version 2.1.1; Applied Biosystems).
Statistical analysis
Case-control analysis and Hardy-Weinberg equilibrium (HWE) test of SNP were performed using SNPALyze software (version 3.1; Dynacom, Mobara-shi, Japan). HWE tests were carried out for all loci among subjects and controls separately. Tests in subjects and controls did not show any significant deviation from HWE for any of the SNPs.
Linkage disequilibrium (LD) between SNPs was evaluated by the DЈ and r 2 of pair-wise LD using SNPALyze software ( (19) .
In the haplotype analysis, the frequency was calculated by phase estimation using the expectation maximization algorithm and examined by the permutation method using SNPALyze software (version 3.1; Table 2 Hiratani
FIG. 1. Location of 22 SNPs (see
by on February 6, 2008 jcem.endojournals.org Downloaded from Dynacom) (20, 21) . LD block was identified with the criterion of DЈ is greater than 0.8 or r 2 is greater than 0.5 (22, 23) .
Results

Case-control study
Allele frequencies of the 22 SNPs were not significantly different between males and females. Table 2 shows frequencies of these alleles in patients and controls and the results of the case-control association analysis of alleles of these SNPs. With JST022302 and JST140345, we found significant differences between allele frequencies in subjects and controls, which were reflected in an increased frequency of the major alleles in AITD and GD (P Ͻ0.01), compared with frequencies in controls. The evidence for association appears to be driven by associations with GD. When allele frequencies were compared between GD subjects and controls, nine of the 10 SNPs in the interval JST022302 and JST140345 showed evidence of association. In contrast, there was little or no evidence of association between these SNPs and HT alone. In addition, several other SNPs located proximal to JST022302 were significantly associated with GD, reflecting an increased frequency of the major allele in controls. Similar results were obtained when allele frequencies reported in the JSNP database were used to compare instead of control frequencies generated from our control group (data not shown). Results of genotypic analysis were broadly similar to those observed in the allelic association analysis: consistent evidence of association with SNPs between JST022302 and JST140345 in GD subjects. In addition, we performed sequencing of exons 7 and 8 on DNA from AITD (n ϭ 339) and normal (n ϭ 181) subjects in an effort to identify additional SNPs, but we did not find any new SNPs in these exons (data not shown). Table 3 shows pair-wise LD values between SNPs for both subjects and controls expressed as DЈ. When evaluated by DЈ, we identified evidence for two extended LD blocks: JST002606-JST140349, which encompasses intron 5 through intron 8 (approximately 16.2 kb), and JST140345-JST022306, which covers intron 8 through 3Ј-untranslated region (approximately 16.5 kb). When evaluated by r 2 , however, the extended block JST002606-JST140349 is divided into three restricted blocks: JST002606-JST002609-JST056274 (block 1), JST022300-rs (reference SNP ID) 11845715 (block 2), and JST022302-JST022303-JST022304-rs12885526-JST140351-TT/ CA-JST140350-JST140349 (block 3), ranging in size from 2.7 to 6.2 kb.
LD structure of the TSHR gene and haplotype analysis
Single SNP association with GD was confined to the 3Ј end of the JST002606-JST140349 block as defined by DЈ but was almost exactly consistent with block 3 as defined by r 2 . The eight SNPs in r 2 block 3 (JST022302-JST140350) were significantly associated with GD, whereas the three SNPs in r 2 block 1 and two SNPs in r 2 block 2 showed limited evidence of association with GD, respectively ( Table 2) .
In r 2 block 3, the haplotype distribution was calculated for the eight SNP haplotypes of these SNPs, and case-control haplotype association analysis was performed in patients and controls as shown in Table 4 . Although there were eight SNPs in this block, only two haplotypes were common. One haplotype consisted of all major alleles of the eight SNPs [AATG(CT) 6 (TT)AG], and the other consisted of all minor alleles [GCAA(CT) 8 (CA)GT]. The haplotype of all major alleles was significantly increased in AITD (P ϭ 0.0058, permutation P ϭ 0.01) and GD (P ϭ 0.0029, permutation P ϭ 0.005), and the haplotype of all minor alleles was significantly Bold indicates major allele frequencies that are significantly increased in cases (P Յ 0.05). Underline indicates minor allele frequencies that are significantly increased in controls (P Յ 0.05).
a P value based on 2 distribution.
decreased in AITD (P ϭ 0.0020, permutation P ϭ 0.0010) and GD (P ϭ 0.00026, permutation P Ͻ 0.0001). Finally, genotype data showed evidence of recessive effect of the associated SNPs or the associated haplotype.
Discussion
We performed a case-control study using 22 SNPs located in the TSHR gene to test association with AITD, GD, and HT. We found a significant association between AITD/GD/HT with several SNPs. The association was mutually exclusive. For example, JST022302 and JST140345 showed significant association with AITD and GD but not HT. The associations with AITD appear to be driven by those with GD. The casecontrol study for single SNPs has 80% power to detect P Յ 0.05 differences between subjects and controls corresponding to relative risks of 1.5 for AITD, 1.6 for GD, and 1.7 for HT based on polymorphisms with minor allele frequency of 0.35. On the contrary, JST034658 showed significant association with HT but not GD. Most SNPs that showed LD with JST022302 showed significant association with GD but not HT. It is a possibility that the lack of association with HT may be due to a minor effect of the gene in HT, compared with GD. These findings support our previous report using microsatellite markers that the TSHR gene is a susceptibility gene for AITD/GD/HT (14, 15) . Allele 5 (294 bp) of (AT)n microsatellite marker in the intron 2 (15) tended to be the major haplotype in block 3, suggesting LD between the (AT)n microsatellite marker and SNPs in intron 7/8. Therefore, the previous association of the microsatellites with AITD was the reasonable starting point of this study. Particularly, the present study suggested higher association between GD and TSHR gene, which is a major autoantigen of GD.
The single SNP analysis was followed by haplotype analysis. For this purpose, we calculated intermarker LD for the 22 SNPs. Based on DЈ and r 2 , the TSHR gene can be divided into several blocks. A haplotype block defined by high r 2 (block3, JST022302-JST022303-JST022304-rs12885526-JST140351-TT/ CA-JST140350-JST140349) contained most of the SNPs that show association with GD. This LD block covers the exon 7-exon 8 part of the gene. Only two common haplotypes were observed, and haplotype association analysis in this block showed that a single common haplotype is associated with GD susceptibility.
An important observation from this study is that changes in the coding region of TSHR do not seem to be driving the evidence of association. Noncoding SNPs are the source of evidence of association. What biological role that these noncoding SNPs may play is unclear; similar observations have been reported by other investigators (24 -28) . It is unclear whether the associated SNPs include functional variants or functional variants within the LD block remain to be discovered, but sequencing of the exons suggests that any remaining sequence polymorphisms lie in the intron. In addition, it is noteworthy that the common risk and common protective haplotypes are completely mismatching (29) . An obvious next step is a comprehensive sequencing of this region and functional studies to clarify whether the TSHR gene polymorphisms in intron 7 contribute to autoantibody production or other immunological derangement in these disorders. All major alleles AATG(CT) 6 
